The use of the 15 N label for agronomic research involving nitrogen (N) cycling and the fate of fertilizer-N is well established, however, in the case of long term experimentation with perennial crops like citrus, coffee and rubber tree, there are still shortcomings mainly due to large plant size, sampling procedures, detection levels and interferences on the system. This report tries to contribute methodologically to the design and development of 15 N labeled fertilizer experiments, using as an example a coffee crop fertilized with 15 N labeled ammonium sulfate, which was followed for two years. The N of the plant derived from the fertilizer was studied in the different parts of the coffee plant in order to evaluate its distribution within the plant and the agronomic efficiency of the fertilizer application practice. An enrichment of the fertilizer-N of the order of 2% 15 N abundance was sufficient to study N absorption rates and to establish fertilizer-N balances after one and two years of coffee cropping. The main source of errors in the estimated values lies in the inherent variability among field replicates and not in the measurements of N contents and 15 N enrichments of plant material by mass-spectrometry.
INTRODUCTION
The study of soil-plant relationships in agricultural crops through the use of radioactive or stable isotopes as tracers is well established and successfully achieved in a variety of situations (Reichardt and Bacchi 2004) . In the case of experimentation over long periods of time the employment of radioactive isotopes becomes limited in many cases due to the inexistence of a specific isotope of a sufficiently long half life that would be compatible with the experimental period, allowing its detection up to the end of the evaluations. In these cases, when a specific and suitable stable isotope is available for the study, its use is more advantageous in relation to the radioisotopes.
For studies on nitrogen (N) cycling involving both environmental and agronomic aspects, the isotope 15 N has been extensively used as a label of natural changes of the 15 In the agronomic literature the number of studies that employ 15 N as a tracer is high for annual crops, crop sequences and management practices, either planted in the field or cultivated in controlled environments. For perennial crops, however, such studies are published in a much lower volume, mainly due to the larger stature of the plants and longer life cycle, which lead to specific problems related to the 15 N tracer use. As examples we cite the reports of Wallace et al. (1954) , Legaz et al. (1982) , Feigenbaum et al. (1987) , Legaz et al. (1995) , Boaretto et al. (1999a, b) , Lea-Cox et al. (2001 ), Lima Filho and Malavolta (2003 ), and Fenilli et al. (2004 who worked with the genus Citrus, and Bustamante et al. (1997) , Snoeck et al. (1998) and Snoeck and Domenach (1999) with the genus Coffea.
The main difficulties that arise with the use of the 15 N tracer in perennial crops are related to the large plant size, which requires the use of great quantities of the label, and leads to a high experimental cost in terms of materials and isotope detection through mass-spectrometry. Representative sampling becomes more difficult due to the sizes of the samples to be collected, in general being whole plans of large size and age, which implies in representative sub-sampling. Based on an experiment carried out on a coffee crop fertilized with 15 N labeled ammonium sulfate, with the aim of studying the absorption rates of the fertilizer-N by the coffee plant (Fenilli et al. 2007 ) and the fate of the fertilizer-N in the soil-plantatmosphere system (T.A.B. Fenilli et al., unpublished data), this study discusses aspects of enrichment levels, analytical isotopic errors in comparison to the inherent field variability, and 15 N enrichment variability among the different plant parts. For total shoot dry matter one whole plant per replicate was harvested outside the isotope row at each sampling time. The chosen plant was very similar to the central one of the three labeled plants, so that it could be assumed to represent the labeled one in terms of growth and yield. They were dissected into parts called compartments (C) as follows: C 1 -central stem or orthotropic branch (OB); C 2 -productive plagiotropic branches (PB); C 3 -leaves of productive branches (LPB); C 4 -Vegetative plagiotropic branches (VB); C 5 -leaves of vegetative branches (LVB); C 6 -fruits (beans) (F). These compartments of 769 each replicate were separated in the laboratory, then oven dried at 65 • C and weighed.
MATERIALS AND METHODS

STUDY
Since the central plant of the three labeled plants could not be sacrificed, it was only used for N total and N abundance evaluations collecting one full branch (out of more than 50 branches at the beginning) at each sampling time. One mature branch has samples of compartments C 2 to C 6 and to represent the orthotropic branch C 1 , that obviously could not be harvested, we took the first centimeter of C 2 that is in close connection with C 1 . This first cm is hardwooden and was assumed to represent the central stem. The sampling of only one full branch per replicate was adopted to minimize interference on the growth and development of the labeled plant. At the end of the experiment plants had already more than 100 branches, so that we assumed that the harvest of nine branches (total number of samplings) for analysis during the two years did not affect significantly plant growth and development. These samples were also oven dried at 65 • C and finely ground. Representative sub-samples of 5 µg were used for total N and 15 N abundance evaluations by mass spectrometry in an automated continuous flow Mass Spectrometer, Model ANCA-SL (Europa Scientific) as described by Mulvaney (1993) and Barrie and Prosser (1996) .
CALCULATIONS
Based on data of dry matter (DM, g plant -1 ), total nitrogen concentration (C N , %), and 15 N enrichment (A N , atom % in excess of 0.366) for each of the above described compartments, it was possible to calculate the accumulated nitrogen (N acc , g plant -1 ) in each compartment and the fraction of this nitrogen that is derived from the fertilizer (Ndff, %) (Hardarson 1990) :
and
and also the quantity of nitrogen in each compartment that is derived from the fertilizer (QNdff, g plant -1 ):
Since C N and A N vary considerably among the six compartments, their weighted average (WA) was calculated according to:
in which C N is exchanged by A N in order to obtain the WA for 15 N enrichment. These averages are also compared with C N and A N data of each compartment in order to find out which of them would better represent the whole plant. This would reduce the number of samples for analysis and the experimental cost in future experiments using the 15 N label in coffee.
Data were statistically analyzed using the descriptive concepts of the mean of n (five) replicates and its standard error s m = sd / √ n, where sd is the standard deviation. Relations between variables were quantified using linear regression.
RESULTS AND DISCUSSION
The evolution of plant shoot DM (Table I) during the 636 days of this study, obtained by harvesting at each date five whole plants (one per replicate) shows more than half of the standard errors s m above 10% of the respective means. Although the plants were chosen based on a similarity criterium, the DM of each compartment varied considerably, indicating a large number n of replicates being necessary. However, harvesting more than five large perennial plants at each sampling time would determine a great impact on the plant stand, interfering in the growth and development of the crop as a whole. The total shoot DM, however, presented a smaller variability, always below 10%.
The total-N concentration C N (Table II) varied strongly among compartments and time, as a function of the application of the readily available fertilizer-N and depending on the N redistribution within the plant, including roots. The standard errors shown in brackets include the measurement error of C N performed during the mass-spectrometry procedure, and the variability of the five replicates. The evaluation of C N by the mass-spectrometer involves the calibration with standard C N samples, which are included in the measurement se- (Table III) also varied among compartments and in time, depending on how much 15 N fertilizer was applied before each sampling time. Values increase from 63 to 243 DAB with a reduction at 366 DAB due to leaf fall, translocation of N among compartments including the root system, and fruit export at harvest (Fenilli et al. 2007 ). The same pattern was observed for the second year (366 to 636 DAB). The s m also include the measurement error by mass-spectrometry (of the order of 0.1%) and the agronomic variability of the five replicates. This last variability depends on the homogeneity of the fertilizer broadcasting procedure, of the flow of the fertilizer into the soil, of the root distribution and its activity, and on the translocation to the shoot. The s m values presented in Table III are of the order of 6% of the mean, with highest values at 430 DAB (10.2%) for LPB, and at 491 DAB (10.1%) for VB, also certainly due to the variability among field replicates. Evaluations of An in fruit (F), made in 2006 (1,001 DAB) and in 2007 (1,366 DAB), were 0.250 and 0.236 atom % in excess, respectively, showing that the label was still at easy detectable levels two years after the end of the experiment. The quantities of N derived from the fertilizer QNdff obtained through equation 3, are presented in Table IV . With a small number of exceptions, standard errors varied between 10 and 25%, the highest corresponding to Table V represent the whole plant and are the sums of the QNdff of the compartments presented in Table IV , and there it can be seen the standard errors in the order of 10% of the respective means, are small with the highest value for 243 DAB (15.6%). In order to verify which compartment best represents the whole plant in terms of C N and A N , linear regressions were made between WA and C N or A N , for each compartment, using data of the nine samplings made during the two years of the experiment. These regressions are presented in Figure 1 , all with significant values of R 2 , with exception to fruit for C N . From the theoretical point of view, the best regressions would be those with slope closest to the 1, intercept closest to 0 and with high R 2 . For C N the closest would be for LPB and LVB, and for A N PB, LPB, LVB, and F. However, from the practical point of view, LVB are always present, easy to be sampled with minimal interference on the growth and development of the plant, and could therefore be chosen as the compartment that best represents the whole plant, for both C N and A N simultaneously. Their regressions have also high and significant R 2 and are:
In Table V we compare QNdff data calculated in three ways: QNdff 1 as already described; QNdff 2 using the WA for C N and A N ; and QNdff 3 using regressions (5) and (6) to find out the WA using C N and A N for LVB. The statistical analysis shows that there is no difference between the data for all dates, showing that the LPB can be used in this kind of experimentation, significantly reducing sampling procedures and costs.
FINAL CONSIDERATIONS
As discussed above, the precision and accuracy involved in the use of 15 N fertilizer in studies of N recovery and balance can be separated in two sources of error: i) those involving the analytic measurement of the nitrogen concentration C N and the 15 N enrichment A N by massspectrometry, and ii) those coming from agronomic, sampling and design problems during the execution of the experiment. The evolution of mass-spectrometry was enormous in the last decades, so that natural variations in 15 N abundance can easily and safely be detected, making studies with δ • / •• very viable. As already said, for enriched materials the standard errors can be as low as 0.1% for A N . The same is also valid for total N concentration, measured simultaneously in the mass-spectrometer, also with errors of less than 1%. Therefore, the analytic measurement errors are overwhelmed by the agronomic errors which depend on the way by which the experimental field work is carried out. In our case, the data presented here belong only to one treatment which used the 15 N label, of a larger experiment. The number of five replicates used here is the result of a randomized block design including three treatments: T o (no N fertilizer); T 1 (half N rate); and T 2 (full N rate as described in Materials and Methods). In order to have the residual number of degrees of freedom greater than 10 (Pimentel Gomes 1970) the minimum number of replicates should be five. This number of replicates was also used in the labeled experiment, carried out only on T 2 in order to reduce experimental costs. The variability among these replicates included management practices, plant growth and development variation, homogeneity of label application, sampling, among others. As a result, data on QNdff presented in Table V exhibited standard errors of the order of 15% and, if these values should be reduced, say to half, one could estimate the number (n) of replicates necessary using the approach presented by Warrick and Nielsen (1980) :
in which x(α) is the normalized deviation which can be found tabulated (student's t), which is 1.96 at the 0.05 confidence value for infinite degrees of freedom; and d is the desired deviation from the mean. For our average standard deviation sd = 2.5, with a desire of having d = 1/2 sd, the result would be n = 15. In most cases such a high number of replicates would be prohibitive. Therefore we conclude that the standard errors presented in Table V were acceptable, and that in this way the enrichment of 2% of the 15 N fertilizer was adequate to study the fate of the fertilizer-N in the coffee crop over a period of two years. 
